SRp38 is an atypical SR protein that functions as a general splicing repressor when dephosphorylated. We now show that phosphorylated SRp38 functions as a sequence-specific splicing activator. Unlike characterized splicing activators, SRp38 functions in the absence of other SR proteins but requires a cofactor for activity. SRp38 was able to induce formation of splicing complex A in the absence of the cofactor, but this factor was necessary for progression to complexes B and C. Mechanistically, SRp38 strengthens the ability of the U1 and U2 small nuclear ribonucleoproteins to stably recognize the pre-mRNA. Extending these findings, analysis of alternative splicing of pre-mRNA encoding the glutamate receptor B revealed that SRp38 alters its splicing pattern in a sequence-specific manner. Together, our data demonstrate that SRp38, in addition to its role as a splicing repressor, can function as an unusual sequence-specific splicing activator.
Alternative splicing is a common mechanism for regulating gene expression and increasing protein diversity in metazoan organisms 1 . In humans, more than 70% of primary transcripts are estimated to undergo alternative splicing 2 . Splicing is carried out in the spliceosome, in which five small nuclear ribonucleoprotein particles (snRNPs; U1, U2, U4/U6 and U5) and many auxiliary proteins cooperate to accurately recognize the splice sites and catalyze the two steps of the splicing reaction 3 .
The inclusion of a specific exon in the mature mRNA is largely dependent on the recognition and usage of the flanking splice sites by the splicing machinery 4 . This seems to be governed by the dynamic formation of protein complexes on the pre-mRNA. Specific sets of splicing regulatory proteins assemble on different pre-mRNAs, generating a 'splicing' or 'mRNP' code that determines exon recognition 5, 6 . Cis-elements known as exonic splicing enhancers (ESEs) modulate the assembly of regulatory proteins on pre-mRNA and therefore contribute to splice-site choice. Most characterized ESEs have been found adjacent to introns containing (a) weak splice site(s), despite the finding that constitutive exons are also frequently enriched in potential binding sites for splicing regulatory proteins 7 . ESEs were initially identified as purinerich sequences 8, 9 , but different motifs have been identified by different strategies 10, 11 .
ESEs are often recognized and bound by SR proteins, a family of highly conserved splicing factors that have key roles in spliceosome activation and in regulation of splice-site selection [12] [13] [14] . SR proteins contain one or two N-terminal RNP-type RNA binding domains (RBD) and a C-terminal arginine-and serine-rich (RS) domain. The RBDs of SR proteins are necessary and sufficient for RNA binding, whereas the RS domains are involved in protein-protein 15, 16 and perhaps protein-RNA 17 interactions. SR proteins function as essential general splicing factors, necessary for spliceosome assembly in in vitro assays 12, 14, 18 .
Many studies have identified ESEs that activate 3¢ or 5¢ splice sites by binding SR proteins 19 . The ESE-bound SR proteins can stimulate splicing by recruiting the general splicing factor U2AF to weak polypyrimidine tracts via a direct interaction between the RS domains of the SR proteins and U2AF 20, 21 . They are also involved in bridging interactions between ESEs and spliceosomal components, probably mediated by the SRm160 and SRm300 splicing coactivators 22, 23 . These coactivators contain RS domains but without RBD domains, and can form multiple interactions with snRNPs and enhancer-bound SR proteins. In addition, a series of sequential RS domain-RNA contacts at the branch point and the 5¢ splice site during splicing complex assembly have been documented, suggesting that RS domain-RNA interactions might also contribute to splicing activation by ESE-bound SR proteins 17 . ESEs also activate 5¢ splice sites, as exemplified by fruitless pre-mRNA splicing in Drosophila melanogaster 24 .
Previously, we described an unusual member of the SR protein family, SRp38 (also known as FUSIP1), which functions differently from standard SR proteins. Although the domain organization of SRp38 is typical of SR proteins, SRp38 is unable to activate splicing in standard in vitro assays. In contrast to other SR proteins, SRp38 functions as a general splicing repressor 25, 26 . Its repression activity is turned on by tightly regulated dephosphorylation 27 , and it is required for global inhibition of splicing both in M phase of the cell cycle and following heat shock 28 . Although present at high levels in numerous cell types and tissues, no function has as yet been assigned to phosphorylated SRp38.
In this report, we address this question by showing that phosphorylated SRp38 functions as a sequence-specific splicing activator in in vitro assays. We show that, unlike other characterized sequencespecific regulators, such as Transformer-2 (TRA2, also known as SFRS10; ref. 9), SRp38 does not require other SR proteins to function but, unlike typical SR proteins, requires a nuclear cofactor for activity. Notably, SRp38 is sufficient to induce formation of spliceosomal complex A in a cell extract lacking SR proteins (S100), but the complexes are stalled and require the cofactor to progress to active splicing complexes. By analysis of alternative splicing of a specific premRNA in vitro and in vivo, we demonstrate that SRp38 can affect the selection of mutually exclusive exons in a sequence-specific manner, reflecting affinity for SRp38. We therefore conclude that SRp38 is a previously uncharacterized type of splicing factor capable of switching from a general repressor to a sequence-specific activator and regulator of alternative splicing.
RESULTS
SRp38 functions as a sequence-specific activator of splicing Previous work from our laboratory has shown that SRp38 functions as a general splicing repressor when dephosphorylated. Although that work showed that phosphorylated SRp38 cannot function like other SR proteins, as a general splicing activator 26, 28 , we decided to test whether it might be able to function as a sequence-specific activator. To this end, we took advantage of the high-affinity binding of SRp38 to its consensus recognition sequence (AAAGACAAA), previously determined by SELEX 26 , and constructed a modified b-globin premRNA substrate in which three copies of this sequence were used to replace sequences in the downstream exon (designated b-SRp38; Fig. 1a ). In parallel, we also constructed a control substrate in which random sequences of the same size were inserted into the same position as the SRp38 consensus sequence (Fig. 1a) . We then tested whether phosphorylated His-tagged SRp38, purified from recombinant baculovirus-infected insect cells 26 , could activate splicing of the b-SRp38 RNA in HeLa S100 extract. However, we detected no splicing (Fig. 1b, lanes 3 and 4) , even when high concentrations of SRp38 were used (see below).
One explanation for the inactivity of SRp38 in the above assay is that a cofactor not present in S100 is required for activity. To test this possibility, we prepared ammonium sulfate fractions of HeLa nuclear extract and tested these together with SRp38 and S100. In the presence of a 40-60% saturation cut of nuclear extract (NF40-60), we observed strong activation by SRp38 with the b-SRp38 but not the b-control RNA (Fig. 1b , compare lanes 5 and 6 with lanes 11 and 12). Notably, activation of splicing was dose dependent, with considerable splicing observed with as little as 20 ng of purified His-tagged SRp38 (Fig. 1c) . These results indicate that three copies of the SRp38 binding sequence can function as an SRp38-specific ESE, and that SRp38 can indeed function as a splicing activator.
Characteristics of SRp38-dependent splicing activation
We next tested what properties of the SRp38 RS region affect the protein's activity in splicing. Purified glutathione S-transferase (GST) derivatives of SRp38, a splice variant, SRp38-2, which contains a short version of the RS domain 26 , SRp38 RBD, which lacks the whole RS domain, and dephosphorylated SRp38 (dSRp38) were each added to splicing reactions with S100 or S100 plus NF40-60 and the b-SRp38 RNA (Fig. 2a) . Whereas SRp38 RBD was completely inactive (lane 7), we did observe splicing activation with SRp38-2, again in a manner dependent on the presence of NF40-60, but splicing efficiency was greatly reduced compared to full-length SRp38 (lane 5, compare to lane 3). Notably, dSRp38 was unable to activate splicing of the b-SRp38 RNA (lane 9). In fact, splicing activated by 20 ng phosphorylated SRp38 was completely repressed by low amounts of dSRp38 (2-4 ng; Fig. 2b, lanes 1-4) , consistent with its previously described properties as a general splicing repressor 26 . These results indicate that the phosphorylated RS domain of SRp38 is required for splicing activation. (The phosphorylation status of both SRp38 and dSRp38 did not change during the splicing reaction; Supplementary  Fig. 1 online.) Thus, although the phosphorylation and dephosphorylation state might serve as an on-off switch for standard SR proteins 29 , its function in the case of SRp38 is to switch from splicing activation to repression.
We next investigated the specificity that the SRp38 RBD provides in recognizing the b-SRp38 RNA. To this end, we added purified GST-SRp38 RBD, His-SC35 RBD and GST-heterogeneous ribonucleoprotein G (hnRNP G) RBD to b-SRp38 RNA-containing splicing reactions in S100 plus SRp38 and NF40-60. The SC35 RBD shares the highest identity with the SRp38 RBD (46%), whereas the hnRNP G RBD shows only limited identity. The results show that the SRp38 . Splicing was performed in S100 supplemented with 50 ng (lanes 3, 5, 9 and 11) or 100 ng (lanes 4, 6, 10 and 12) of baculovirus-produced His-SRp38, with or without a nuclear fraction (NF40-60), as indicated above. Products of splicing were analyzed by denaturing PAGE and autoradiography. Splicing products are indicated schematically. (c) Dose-dependent splicing activation of SRp38. The indicated amounts of His-SRp38 were added to splicing reactions performed in S100 supplemented with NF40-60.
RBD, but not the SC35 or hnRNP G RBDs, inhibited splicing brought about by SRp38 plus NF40-60 (Fig. 2c) . Notably, the amount of SRp38 RBD sufficient to block splicing was roughly equivalent to the amount of SRp38 added. The inhibition of splicing thus reflects a specific, competitive interaction between full-length SRp38 and the SRp38 RBD, providing evidence that the SRp38 RBD-RNA interaction is indeed highly specific. Next, we examined the possible role of standard SR proteins in SRp38 activity. We tested this by determining whether splicing of the b-SRp38 RNA in S100 activated by increasing amounts of purified SR proteins could be enhanced by SRp38 (Fig. 2d) . The results show that SRp38 was not able to function with the SR proteins to increase splicing beyond the levels provided by the SR proteins alone (compare lanes 2-4 with 5-7), indicating that SR proteins cannot provide the coactivator activity present in NF40-60.
SRp38 is distinct from other SR proteins in requiring a nuclear fraction to activate splicing in S100. To investigate this requirement further, we examined how NF40-60 influences the activity of standard SR proteins. When ASF/SF2 and SC35 (50 ng) were added to splicing reactions containing the b-SRp38 RNA, splicing was also enhanced by NF40-60 but relatively weakly (Fig. 2e, lanes 1-7) . Highlighting the difference between SRp38 and other SR proteins, ASF/SF2 and SC35 plus NF40-60 gave rise to comparable levels of splicing with the b-control RNA, whereas SRp38 was completely inactive (Fig. 2e,  lanes 8-14) . Given that classical SR proteins typically function in S100 in the absence of a nuclear fraction, we next asked whether higher levels of all three proteins (300 ng) could activate splicing of b-SRp38 (Fig. 2f) or b-control (data not shown) RNA in S100 without NF40-60. Notably, whereas ASF/SF2 and SC35 activated splicing of both substrates, SRp38 was entirely inactive. These results indicate that activation by SRp38, unlike that by other SR proteins, is entirely dependent on a coactivator.
SRp38 facilitates the formation of spliceosomal complex A
We next investigated the mechanism by which SRp38 stimulates splicing. To this end, we first performed spliceosome-assembly assays using the b-SRp38 RNA and S100 extract alone or S100 containing SRp38 in the presence or absence of NF40-60 (Fig. 3a) . Unexpectedly, the results of a time course showed that SRp38 in the absence of NF40-60 was able to bring about efficient assembly of what seems to be spliceosomal complex A (Fig. 3a, lanes 10-12) . It was especially notable that nearly the entire nonspecific H complex was converted to the A-like complex by SRp38 alone, which is atypical and considerably more efficient than when splicing was in fact activated by SRp38 plus NF40-60 (lanes [14] [15] [16] . No complex was detected in reactions containing b-SRp38 RNA with S100 (lanes 2-4), with NF40-60 (lanes 6-8) alone or with dSRp38 ( Supplementary Fig. 2a online) . These results suggest that phosphorylated SRp38 promotes an early step in the splicing pathway by forming early spliceosomal complexes.
We next wished to confirm the identities of the complexes described above and extend our findings to a second RNA substrate. To this end, we constructed a modified adenovirus major late substrate RNA (AdML-SRp38) containing three copies of the SRp38 binding sites in its second exon. SRp38 gave rise to the same sequence-dependent splicing activation with this RNA as observed with b-SRp38 RNA and again required NF40-60 for activity (Fig. 3b) . We then examined the effect of SRp38 on spliceosome assembly with the AdML-SRp38 RNA. We observed efficient formation of a spliceosomal complex in S100 supplemented with SRp38 alone (lanes 2-3) but not in S100 (lanes 8-9) or with SRp38 alone (lanes 11-12) (Fig. 3c) . Notably, the mobility of the complex was identical to the A complex observed in nuclear extract (compare lanes 2 and 3 with 5 and 6). Furthermore, B and C complexes were again not detected (lanes 1-3; longer exposure in lanes [13] [14] [15] . To provide evidence that the apparent stalled A complex could give rise to B and C complexes in the presence of NF40-60, we performed spliceosome assays in which NF40-60 was added to reaction mixtures containing SRp38 plus S100. B and C complexes were formed in addition to A complex (lanes [16] [17] [18] . These results suggest that SRp38 promotes formation of spliceosomal A complexes, but these are stalled in the absence of NF40-60.
The above experiments provide evidence that SRp38 can facilitate A complex formation in S100. To provide additional evidence that Figure 2 Characteristics of SRp38-dependent splicing activation. (a) RS domain requirements for activation. b-SRp38 pre-mRNA was incubated in S100 activated by 50 ng of GST-SRp38, GSTSRp38-2 or GST-SRp38 RBD, or 8 ng of dephosphorylated His-SRp38 (dSRp38), respectively, in the absence (lanes 2, 4, 6 and 8) or presence (lanes 3, 5, 7 and 9) of NF40-60. (b) Repression of splicing by dSRp38. His-dSRp38 (0 ng, 2 ng, 4 ng and 20 ng) was incubated with S100 plus phosphorylated His-SRp38 (20 ng) and NF 40-60 (lanes 10-12). (c) Role of the RBD in SRp38-dependent activation. The indicated amounts of purified GST-SRp38 RBD, His-SC35 RBD or GST-hnRNP G RBD were added to SRp38-dependent splicing assays as indicated. (d) SR proteins do not cooperate with SRp38 for splicing activation. Increasing amounts of purified SR proteins were added to reactions performed in S100 alone (lanes 2-4) or in the presence of 50 ng of GST-SRp38 (lanes 5-7). (e) NF40-60 coactivator activity is specific for SRp38. His-SRp38, His-ASF or His-SC35 (50 ng) was incubated with b-SRp38 or b-SRp38 RNAs in S100 alone or supplemented with NF40-60. (f) Splicing stimulation by ASF/SF2 or SC35 at high concentrations. His-tagged SRp38, ASF/SF2 and SC35 (300 ng) was incubated with b-SRp38 RNA in S100.
these complexes indeed correspond to A complex, we first analyzed whether snRNPs were involved in their formation. For this, we used antisense RNA oligonucleotides complementary to U1, U2, U5 and U6 snRNAs to test which, if any, of these could inhibit complex formation in S100 plus SRp38. Complex formation with the AdMLSRp38 RNA was efficiently blocked by antisense oligonucleotides against U1 (lane 2) and U2 (lane 3) snRNAs but not against U5 (lane 4) or U6 (lane 5) snRNAs (Fig. 3d) , indicating that U1 and U2 snRNPs were involved in complex formation, consistent with the properties of A complex. In addition, depletion of ATP (lane 6), lack of Mg 2+ (lane 7) or incubation of splicing reactions on ice (lane 8) completely inhibited complex formation, ruling out the possibility that the observed complex might be related to the ATP-independent E complex. We used the same strategy to characterize the complex formed on the b-SRp38 substrate (Fig. 3a) . Notably, the anti-U1 and anti-U2 oligonucleotides blocked complex formation, whereas the anti-U5 oligonucleotide did not, indicating that A complex but not B complex was formed on this substrate ( Supplementary Fig. 2b ).
Together, these results demonstrate that SRp38 facilitates the formation of A complex in splicing-competent S100 extracts, but the complex is stalled in the absence of a cofactor.
SRp38 strengthens pre-mRNA recognition by U1 and U2 snRNPs We next investigated the mechanism by which SRp38 facilitates complex A formation. One possibility is that it enhances interactions of U1 and/or U2 snRNPs with the pre-mRNA. To investigate this, we carried out gel-shift assays with purified U1 and U2 snRNPs and SRp38 with the b-SRp38 RNA used in splicing (Fig. 4) . As expected, SRp38 bound to the RNA tightly (Fig. 4a, lane 3) , whereas, under the conditions used 16 , U1 snRNP alone did not interact with b-SRp38 mRNA (lane 2). However, the presence of SRp38 stimulated formation of a stable (heparin-resistant) complex of U1 snRNP, SRp38 and RNA (lanes 4 and 5). The SRp38 RBD, although it was able to form an RNA-protein complex by itself, was unable to facilitate formation of a U1 snRNP ternary complex (lanes 6-9), indicating that, as with splicing activation, the RS domain is necessary for complex formation. Notably, the SRp38-U1 snRNP-RNA complex formed only with the b-SRp38 pre-mRNA and not the b-control pre-mRNA (lanes [10] [11] [12] [13] [14] . Ternary complex formation was also dependent on an intact 5¢ splice site in the b-SRp38 pre-mRNA, as a 5¢-splice-site mutation that abolished splicing also blocked SRp38-dependent U1 snRNP binding ( Supplementary Fig. 3 online) . A similar cooperative interaction was observed between SRp38 and U2 snRNP (Fig. 4b) . We also performed gel shift assays using the b-SRp38 RNA with ASF/SF2. No complex was observed when 100 ng of ASF/SF2 was added to reaction mixtures, in the presence or absence of snRNPs (Fig. 4c) . These data indicate that SRp38, in a binding site-dependent manner, can facilitate recruitment of U1 and U2 snRNPs to a pre-mRNA to stabilize 5¢-splice-site and branch-site recognition, respectively.
We next set out to investigate whether the SRp38 interactions with U1 and U2 snRNPs are functionally important. To this end, we used a splicing inhibition assay designed to measure, albeit indirectly, recruitment of U1 and U2 snRNPs to the 5¢ splice site and branch site, respectively, during splicing. The assay measures the sensitivity of splicing to inhibition by antisense RNA oligonucelotides. For example, an RNA oligonucleotide containing a polypyrimidine stretch was shown to block the U2 snRNP-branch site interaction by competing with the 3¢ splice site for binding to U2AF 30 . We predicted that, if the interactions between SRp38 and U1 and U2 snRNPs were functionally relevant, then SRp38-activated splicing might show greater resistance to RNA oligonucleotides that interfered with 5¢-splice-site and/or branch-site recognition than would splicing activated by other pathways. We measured the sensitivity of b globin-SRp38 splicing to several different RNA oligonucleotides in the nuclear extract, and in S100 plus NF40-60 and either 50 ng SRp38 or 300 ng ASF/SF2. Results showed that an RNA oligonucleotide containing both the 5¢ splice site consensus and a polypyrimidine stretch (5¢ ss-Py) strongly inhibited splicing in the nuclear extract and in S100 in the presence of ASF/SF2 but was much less effective in S100 plus SRp38 (Fig. 4d, compare  lanes 1-5 and lanes 6-15) . Other RNA oligonucleotides tested, such as anti-U2 ( Supplementary Fig. 4a online) and anti-U6 (Supplementary Fig. 4b ) oligonucleotides, led to equivalent splicing repression in nuclear extract and SRp38-activated splicing. Taken together, these results provide evidence that SRp38 stimulates splicing by facilitating recruitment of U1 snRNP and U2 snRNP to the 5¢ splice site and branch site.
SRp38 activates an RNA containing SRp38 binding sites Given that SRp38 functions as a sequence-specific splicing activator, we next wished to identify possible natural targets. One potential substrate is that the alternatively spliced transcript is encoded by the mouse AMPA receptor subunit GluR-B gene 31 31 .
In light of the above, we examined the sequences of both Flip and Flop for the presence of potential SRp38 binding sites. We found the motifs GACAAA in the Flop exon and AGACAA in the Flip exon, constituting good matches to the core of the SRp38 consensus sequence, AAAGACAAA (Fig. 5a) . To determine whether these sequences might be functional, we performed gel-shift assays with both Flop and Flip RNAs and purified GST-tagged SRp38, and compared binding with an RNA containing three copies of the SRp38 consensus (Fig. 5b) . The results show that both Flop and Flip RNAs bind SRp38 but with different affinities. The Flip RNA Figure 4 SRp38 interacts with both U1 and U2 snRNP complexes on the SRp38 substrate. (a,b) Purified U1 snRNP (a) or U2 snRNP (b), GST-tagged SRp38 (150 ng) or GST-tagged SRp38 RBD (250 ng) were incubated with b-SRp38 pre-mRNA (lanes 1-9) or b-control pre-mRNA (lanes [10] [11] [12] [13] [14] . Following addition of heparin (0.8 mg ml -1 ), complexes were resolved by 5% nondenaturing PAGE. Increasing amounts (300 ng and 600 ng) of U1 snRNP (a) or U2 snRNP (b) were incubated with SRp38 and b-SRp38 RNA (lanes 4, 5 and 6). The complexes formed are indicated with brackets. GST-tagged SRp38 RBD (250 ng) was incubated with b-SRp38 RNA (lane 6), and increasing amounts of U1 or U2 snRNPs (150 ng, 300 ng or 600 ng) were added (lanes 7-9). SRp38 The (5¢ ss-Py) oligonucleotide was preincubated with nuclear extract (NE) or with S100 plus NF40-60 and SRp38 before splicing reactions were carried out. Final concentrations of the oligonucleotide are 0 mM, 0.1 mM , 0.5 mM, 1 mM and 2 mM. Note that 300 ng ASF/SF2 was used in the splicing reactions to achieve similar splicing levels as in the NE. showed an affinity for SRp38 (B20 nM K d ) comparable to the SRp38 consensus RNA (compare lanes 5-8 with lanes 9-12), whereas binding to the Flop RNA was noticeably weaker (K d B60 nM; lanes 1-4). These RNAs showed no affinity for SC35 (Fig. 5c) , indicating that the binding was specific for SRp38. We next asked whether the sequences in Flop and Flip could bring about SRp38-dependent splicing and whether the differential binding affinity for SRp38 might be functionally important in splicing activated by SRp38. Following the same strategy used to measure SRp38-dependent splicing described above, we constructed modified b-globin substrates containing Flop or Flip sequences in the second exon; we named these subtrates b-Flop and b-Flip (Fig. 5d) . We tested these RNAs in S100 activated by SRp38 alone or by SRp38 plus NF40-60. Notably, the Flip-containing RNA was spliced efficiently, again in a manner dependent on NF40-60 (lanes [13] [14] [15] [16] . On the other hand, SRp38-activated splicing of the Flop-containing substrate was detectable but much weaker, consistent with its lower affinity for SRp38 (lanes 5-8).
SRp38 promotes inclusion of the Flip exon in vivo
We next investigated whether SRp38 favors inclusion of Flip in GluR-B pre-mRNA splicing in vivo. To address this, we constructed a modified GluR-B minigene plasmid in which GluR-B sequences were preceded by the chicken b-actin promoter and followed by an SV40 poly(A) site (Fig. 6a) . This plasmid was stably transfected into chicken DT40 cells with the genetic background SRp38(+/+) or SRp38(À/À) 25 . Several stably transfected colonies were isolated and total RNAs were extracted and analyzed first by reverse-transcription PCR (RT-PCR). Three transcript variants are expected to be produced by alternative splicing from GluR-B minigene transcripts 33 : Flop (612 bp), Flip (612 bp) and Truncated (lacking both the Flop or Flip exons; about 500 bp) (Fig. 6a) . The pattern and intensity of RT-PCR products were identical with RNA samples from SRp38-containing and SRp38-lacking DT40 cells (Fig. 6b, lanes 1 and 2, and data not  shown) . We then took advantage of the fact that there is a unique StuI site in the Flop exon and treated PCR products with StuI followed by agarose gel analysis. Notably, we observed substantially more of the Flop variant in the SRp38(À/À) cells (Fig. 6b, lanes 3 and 4) , suggesting that loss of SRp38 promotes inclusion of Flop in GluR-B pre-mRNA splicing. To confirm this, we performed an RNase protection assay using an antisense RNA targeted against full-length exon 13-14 sequences as shown in Figure 6a . Consistent with the above RT-PCR results, we observed a noticeable difference between SRp38(+/+) and SRp38(À/À) cells, such that there was an increase in the amount of Flop exon in the absence of SRp38 and a decrease in Flop in the presence of SRp38 (Fig. 6c, lanes 1 and 2) .
Finally, we wished to confirm that the increased Flop mRNA levels were caused directly by loss of SRp38 in the SRp38(À/À) cells. To this end, we transfected the GluR-B reporter plasmid into SRp38(À/À) cells that expressed hemagglutinin-tagged SRp38 (ref. 25) . RNA was isolated and analyzed by RNase protection assay. Notably, expression of SRp38 reduced Flop mRNA to levels observed in the SRp38(+/+) cells (lane 3). For confirmation, we analyzed several additional hemagglutinin-SRp38 expressing cell lines that contain the stably transfected GluR-B minigene and found that all have decreased Flop mRNA levels (data not shown). These results demonstrate that SRp38 influences alternative splicing of the GluR-B Flop and Flip exons in vivo.
DISCUSSION
In this paper, we have shown that phosphorylated SRp38, unlike its dephosphorylated counterpart, activates splicing. Our data suggest a model in which U1 and U2 snRNP are unable to associate stably with certain pre-mRNA substrates in the absence of SRp38. Binding of these snRNPs to the pre-mRNA is stabilized by SRp38, but the A complex that is formed is stalled or inactive and unable to proceed in the splicing pathway in the absence of a specific coactivator (Fig. 7) . This activator function of SRp38 is not only opposite to the function of dephosphorylated SRp38, which acts as a general splicing repressor 28 , but also distinct from the mechanism of standard SR or SR-related proteins in activating splicing 12 . Extending these findings, we observed that SRp38 affects the selection of mutually exclusive exons in the GluR-B pre-mRNA in a sequenceand affinity-dependent manner. Below, we discuss the features of SRp38-activated splicing compared to previously reported examples of activation and the role of SRp38 in the regulation of alternative splicing. We previously reported that SELEX-determined sequences optimal for ASF/SF2, SRp40 or TRA2 binding can function as ESEs when placed downstream of an enhancer-dependent intron 9, 34, 35 . Artificial tethering experiments have also shown that RS domains are sufficient to activate splicing in vitro when recruited to ESEs 36, 37 . Therefore, it seems to be a general feature of SR proteins that they can interact with downstream ESEs and activate splicing of weak upstream introns. However, SRp38-mediated activation seems to have different requirements. In early experiments, we failed to detect any stimulation by SRp38 of substrates in which three copies of the SRp38 binding site were placed downstream of weak introns (Y.F. and J.L.M., unpublished data), suggesting that perhaps this sequence cannot function as an SRp38-dependent ESE. Additionally, this would be analogous to the behavior of SELEX-selected sequences for the related protein SC35, which cannot function as an ESE in vitro 34 . Alternatively, given that SRp38 is an atypical SR protein, we reasoned that the selected sequence might be able to function as an ESE but in a different way from sequences for standard SR proteins. This led us to test whether the SRp38 sequences might function with pre-mRNAs containing consensus splice sites, such as the b-globin and AdML substrates, which allowed us to demonstrate that the SRp38 consensus sequence can indeed function as an ESE. However, unlike standard SR proteins, it may be that SRp38 functions preferentially on substrates containing introns with strong splice sites. An intriguing possibility is that this property is related to the inability of SRp38 to function as a general splicing activator 26 .
What underlies the unusual properties of SRp38 described here and previously? All the available data indicate that an atypical RS domain 28 and its response to phosphorylation 25, 26 are crucial. Whereas standard SR proteins become inactive in splicing when in an unphosphorylated state 29, 38 , SRp38 is converted into a potent, general repressor 26 . This correlates with differences in protein-protein interactions. For example, the interaction of ASF/SF2 with a target protein, the U1 70K protein, is abolished by dephosphorylation 38 , whereas that of SRp38 is greatly enhanced but in a way that results in repression rather than activation 25 . But although SRp38 is a strong repressor, it seems to be a relatively weak activator when phosphorylated. SRp38 is unable to function as a general activator, as do other SR proteins 25 , and is able to function only as an ESE-dependent activator on substrates with strong splice sites. This correlates with the differences in snRNP recruitment: ASF/SF2 can form a ternary complex with U1 snRNP on an RNA lacking high-affinity binding sites 16 , whereas SRp38 cannot. It is again reasonable to speculate that this reflects difference in RS domain-mediated protein-protein interactions and the influence of phosphorylation 16, 25, 38, 39 .
Our data demonstrate that SRp38 requires a specific cofactor (or cofactors) for activity. It was previously shown that a 100-kD non-SR protein, in addition to SR proteins, is required for activation of the weak 3¢ splice site of a-tropomyosin exon 2 (ref. 40) . Together with our results, this suggests that the activity of certain ESEs can be modulated by the assembly of additional proteins on the enhancer element, in addition to specific SR proteins. This is similar to the role of the TRA and TRA2 proteins in D. melanogster, which form an ESE-dependent complex with SR proteins and stimulate splicing of the female-specific exon of the doublesex transcript 41 . Likewise, human TRA2 requires the activity of SR proteins for sequence-specific activation 9, 42 . Notably, this is distinct from the mechanism of SRp38, which does not require additional SR proteins.
We do not yet know the identity of the coactivator. However, SRp38 was not able to cooperate with general coactivators such as SRm160 and SRm300 (ref. 22) because no splicing inhibition was observed when SRm160/300 antibody was added to an SRp38-activated splicing reaction (M.C. and J.L.M, unpublished data). Another SR protein, 9G8, which has been shown to synergize with ASF/SF2 at lower concentrations 43 , was also ruled out as the coactivator because it was not present in partially purified fractions that retain cofactor activity. Consistent with the antibody data, SRm160 and SRm300 were also absent from this fraction (M.C. and J.L.M., unpublished data).
How might the SRp38 cofactor function? One possibility is that it recruits the U4/U6-U5 tri-snRNP to the preformed A complex. Standard SR proteins do in fact have a role in recruitment of the tri-snRNP into the spliceosome 44, 45 . It is thus possible that SRp38 by itself is unable to recruit the tri-snRNP to the A complex. It is also possible that tri-snRNPs can bind transiently to the early spliceosome complex and form an unstable 'B-like' complex, but a conformational rearrangement brought about by the cofactor is necessary for stability. Another possibility is that the A complex formed by SRp38 is not functionally active. In this scenario, the cofactor may affect the conformation of the A complex formed with SRp38, so that the trisnRNPs will be able to bind to it productively and allow splicing to proceed. Identification of the cofactor is likely to provide considerable insight into why SRp38-activated spliceosomes are stalled at the A complex and is of course an important goal of future experiment.
Consistent with its role as a sequence-specific splicing activator, SRp38 can act as a regulator of alternative splicing, influencing selection of mutually exclusive exons of the GluR-B pre-mRNA. Figure 7 Model for SRp38-dependent splicing activation. SRp38 binds the SRp38-dependent ESE in target transcripts and facilitates association of U1 and U2 snRNPs with the pre-mRNA to stabilize 5¢-splice-site and branchsite recognition by interacting with U1 and U2 snRNPs, respectively. However, the spliceosomal A complex formed is stalled and requires an SRp38-specific cofactor to proceed through the splicing pathway.
to be strong splice sites. Although SRp38 binds to both exons, the affinities are different. SRp38 activates splicing by facilitating formation of early splicing complexes that cannot proceed to active spliceosomes without the aid of a specific cofactor. Furthermore, SRp38 can regulate alternative splicing and potentially has important roles in various physiologically important processes. Future studies on both its mechanism and target transcripts should be informative.
METHODS
Plasmid constructions, cell culture and transfection. We constructed all plasmids (b-SRp38, b-control, b-Flop, b-Flip and AdML-SRp38) used to produce substrates for in vitro splicing by replacement of sequences between the AccI site and BamHI site in the second exon with the indicated sequences. We used site-directed mutagenesis to produce the b-SRp38 5¢-splice-site mutant from the b-SRp38 plasmid, as described 47 . The forward primer was 5¢-TGGTG AGGCCCTGGGCATACTGGTATCAAGGTTACAAGA-3¢ and the reverse primer was 5¢-TCTTGTAACCTTGATACCAGTATGCCCAGGGCCTCACCA-3¢. For in vitro gel-shift assays and RNase protection assays, we constructed plasmids by insertion of indicated sequences into pBluescript SK(+) plasmid. The GluR-B reporter minigene was constructed as described previously 31 , except that pEXpress plasmid 48 was used as the backbone. DT40 cells of different background including wild-type, SRp38(À/À) and SRp38(À/À) containing exogenously expressed hemagglutinin-tagged SRp38 were maintained essentially as described previously 25 . We also carried out transfection of the GluR-B reporter minigene into DT40 cells as described previously 25 .
Recombinant proteins. We prepared His-SRp38, His-SC35 and His-ASF/SF2 and GST-SRp38 from recombinant baculovirus-infected High Five cells (Invitrogen). His-tagged recombinant proteins were purified under denaturing conditions by Ni 2+ agarose chromatography and renatured by dialysis 26, 34 . Dephosphorylated SRp38 was prepared by incubating recombinant SRp38 with calf intestinal phosphatase (CIP) and repurified by agarose chromatography 26 . GST-tagged SRp38 was purified by using glutathione-Sepharose 4B 25 .
(His-and GST-tagged SRp38 behaved indistinguishably in all assays tested.) GST-SRp38 RBD and hnRNP G RBD proteins were prepared from E. coli JM101 using glutathione-Sepharose 4B, and his-SC35 RBD was prepared from E. coli BL21 (ref. 34) . Purity and concentration of proteins were determined by Coomassie blue staining of SDS gels.
In vitro splicing and spliceosome-assembly assays. We carried out in vitro splicing assays essentially as described 34 . Native SR proteins purified from HeLa cells were obtained from T. Kashima (Columbia University). Spliceosomeassembly assays were also performed as described 49 . In the splicing-inhibition and spliceosome-assembly assays, the anti-snRNAs sequences used were: U1 1-14 , 5¢-UGCCAGGUAAGUAU-3¢; U2 2-15 , 5¢-GGCCGAGAAGCGAU-3¢; U5 68-88 , 5¢-UUGGGUUAAGACUCAGAGUUG-3¢; U6 78-95 , 5¢-CGCUUCAC GAAUUUGCGU-3¢; 5¢ss-Py, 5¢-UCACAGGUAAGUACUUAUUUUCCCAGG CC-3¢. Antisense RNAs were preincubated with S100 at 30 1C for 15 min before spliceosome assays.
Gel-shift assays. We carried out gel-shift assays essentially as described 16 . Briefly, radiolabeled pre-mRNA, U1 snRNP (300 ng and 600 ng) and SRp38 (15 ng ml -1 ) were incubated under splicing conditions: 30 1C for 5 min. We then added heparin to a concentration of 0.8 mg ml -1 , and the reaction mixtures were incubated at 30 1C for an additional 5 min. Products were analyzed by 5% nondenaturing PAGE and autoradiography.
RT-PCR analysis and RNase protection assay. Total RNA was extracted by using Trizol (Invitrogen). We carried out RT-PCR analysis using Transcriptor Reverse Transcriptase (Roche) following the instructions provided by the supplier. RNase protection assays were performed as described 50 . Briefly, labeled RNA probes were synthesized by in vitro transcription with SP6 RNAP. After hybridization and RNase digestion, protected RNAs were resolved by 6% denaturing PAGE.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
